Abstract Previous study showed that tetraploid wheat was divided into two groups (Type AI and Type AII) based on sequences around Ppd-A1 gene (Takenaka and Kawahara in Theor Appl Genet 125(5): [999][1000][1001][1002][1003][1004][1005][1006][1007][1008][1009][1010][1011][1012][1013][1014] 2012). That study focused on domesticated emmer wheat and used only 19 wild emmer wheats, so could not be clear the evolutional relationship between Type AI and Type AII. Here, a total of 669 accessions comprising 65 einkorn wheats, 185 wild emmer wheats, 107 hulled emmer wheats, 204 free-threshing (FT) emmer wheats, and 108 timopheevii wheats were studied by PCR assay and DNA sequencing for Type AI/AII. Type AII was an older type than Type AI because all einkorn accessions had Type AII. In wild emmer, Type AI was distributed in the northeast regions of its distribution and Type AII was found to be centered on Israel. A total of 37.4 % of hulled emmer accessions were Type AI, while 92.2 % of FT emmer accessions were Type AI. Differences in the proportion of Type AI/AII in domesticated emmer suggested a strong bottle-neck effect. We also found two MITE-like sequence deletion patterns from a part of Type AII accessions (dic-del and ara-del). Dic-del was found from only Israeli wild emmer accessions and ara-del was found from almost all timopheevii wheat accessions. Only three timopheevii accessions did not have ara-del, and one wild emmer accession and ten hulled emmer accessions had ara-del. These accessions suggested gene flow between emmer and timopheevii wheat.
Introduction
Wheat is the one of the most important staple crops and is cultivated all over the world. Today, it accounts for more than 20 % of total human food calories (faostat.fao.org). There is an urgent need to improve wheat for sustainable production in response to an explosion in world population and global climate change (wheat.org). For wheat breeding to satisfy such requirements, the genetic diversity of wild relatives and wheat landraces adapting to various environment is very important as genetic resources (Harlan 1975) .
The genus Triticum L. consists of diploid einkorn wheat (2n = 14, AA), tetraploid emmer (2n = 28, BBA (for a review, see Lilienfeld 1951) . Tetraploid wheats originated independently by hybridization and amphiploidization between Aegilops speltoides (SS) (or a genotype similar to it) as the female parent and T. urartu (A u A u ) as the male parent (Hori and Tsunewaki 1967; Maan and Lucken 1971; Ogihara and Tsunewaki 1982; Dvořák et al. 1993; Tsunewaki 2009 ). The hybridization that generated wild emmer wheat (T. dicoccoides) may have occurred between 0.25 and 1.3 Mya ago (Mori et al. 1995; Huang et al. 2002) , while the hybridization that led to wild timopheevii wheat (T. araraticum) is likely to have occurred later (Mori et al. 1995; BrownGuedira et al. 1996; Rodriguez et al. 2000; Huang et al. 2002; Kilian et al. 2007 ). Wild emmer wheat was domesticated in the Levant (southeastern Turkey to Syria) about 10,000 years before present (BP) (Nesbitt and Samuel 1998; Ö zkan et al. 2002 Mori et al. 2003; Tanno and Willcox 2006; Luo et al. 2007; Dubcovsky and Dvorak 2007) . As an important component of the West Asian agriculture complex, domesticated hulled emmer (T. dicoccon etc.) spread throughout the world (Bellwood 2005; Luo et al. 2007 ). By about 8,500 years BP, hulled emmer wheat with tough glumes had evolved to free-threshing (FT) emmer wheat (T. durum etc.) . Wild timopheevii wheat was also domesticated in southern Turkey and northern Syria (Mori et al. 2009 ). However, unlike emmer wheat, domesticated timopheevii wheat (T. timopheevii) is an endemic crop restricted to western Georgia in Transcaucasia (Zohary and Hopf 2000) .
Our previous study shows that emmer wheat is divided into two groups (Type AI and Type AII) based on about 200 bp sequences, which are around 1 kbp upstream of the Ppd-A1 gene and include insertion/ deletion mutations ( Fig. 1 ; Takenaka and Kawahara 2012) . Some hulled emmer wheat of Type AII are devoid of about 100 bp of MITE-like sequences (Type AIIa). They also report that in domesticated emmer, less than half of hulled emmer (44.4 %) are Type AI and most FT emmer (94.7 %) are Type AI and Type AII FT emmer are restricted to former Yugoslavian countries, while in wild emmer, Type AI are distributed in Turkey, Iran, Iraq, and Israel and Type AII are distributed in Israel, Syria, and Turkey. That study focused on domesticated emmer and used only 19 wile emmer accessions, so could not clarify the evolution of emmer wheat. In this paper, we focus on the regions dividing Type AI and Type AII, and the deletion Fig. 1 Consensus sequences around MITE-like deletions. Gray parts show unique sequences of Type AI/AII and ara-del/dicdel. À Type AI including 10 wild emmer, 23 hulled emmer, and 90 FT emmer accessions`Type AI including 4 wild emmer accessions.´Type AII including 4 T. boeoticum accessions.T ype AII including 2 T. boeoticum and 3 T. monococcum accessions.˜Type AII with dic-del including 4 wild emmer accessions. Þ Type AII with ara-del including 1 wild emmer, 10 hulled emmer, and 13 timopheevii accessions. þ Type AII without MITE-like sequence deletions including 37 T. urartu, 8 wild emmer, 21 hulled emmer, 4 FT emmer, and 2 wild timopheevii accessions. ¼ GS-105 deletion including 2 FT emmer accessions pattern of MITE-like sequences. We also discuss the evolution of tetraploid wheats using more wheat accessions than the previous study.
Materials and methods

Plant materials
A total of 669 accessions of wheat comprising 185 wild emmer wheat (Triticum dicoccoides (Körn. ex Asch. et Graebn.) Schweinf.), 107 domesticated hulled emmer wheat (T. dicoccon Schrank, T. karamyschevii Nevski and T. ispahanicum Heslot), 204 domesticated free-threshing (FT) emmer wheat (T. durum Desf., T. turgidum L. s. str., T. polonicum L., T. carthlicum Nevski, T. turanicum Jakubz., T. aethiopicum Jakubz. and T. pyramidale (Del.) Perc.), 103 wild timopheevii wheat (T. araraticum Jakubz.), 5 domesticated timopheevii wheat (T. timopheevii (Zhuk.) Zhuk. s. str.), 60 wild einkorn wheat (T. boeoticum Boiss. and T. urartu Thum. ex Gandil.), and 5 domesticated einkorn wheat (T. monococcum L.) were used (Table  S) . A total of 158 accessions had been analyzed by Takenaka and Kawahara (2012) , of which 19 were wild emmer wheat accessions, 45 hulled emmer wheat accessions, and 94 FT emmer wheat accessions. Sixtyseven wild emmer accessions had been analyzed by Ö zkan et al. (2011) . These accessions were maintained at National BioResources Project KOMUGI (Laboratory of Crop Evolution, Graduate School of Agriculture, Kyoto University) and USDA. Seeds of 12 wild timopheevii accessions were kindly provided by Dr. Sasanuma, Yamagata University, Japan and Dr. Mori, Kobe University, Japan. In this paper, the nomenclature and genome formula is followed from Hammer et al. (2011) and the Catalogue of NBRP KOMUGI with little changes.
PCR assays for Type AI and Type AII Total DNA was extracted from young leaves from each accession by the CTAB method (Escaravage et al. 1998) . Extracted DNA was stored in 100 lL of TE buffer at 4°C. DNA was amplified by PCR using specific primers for Type AI and Type AII, which corresponded to Type AI and Type AII and produced a band (Takenaka and Kawahara 2012) . PCR amplification involved 50 ng of template DNA, 1 lM each primer, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 1.5 lL of 10 9 PCR Buffer (TaKaRa, Japan), and 0.5 U of Taq Polymerase (TaKaRa, Japan) in a total volume of 15 lL. Amplification conditions were 96°C for 2 min followed by 30 cycles of 96°C for 20 s, 62°C for 20 s, and 72°C for 30 s. PCR products were separated on 2 % agarose gels in TAE buffer.
DNA sequencing
All accessions that were divided into Type AIIa by PCR assays were sequenced and the deletion pattern of MITE-like sequences was checked. PCR amplification involved 50 ng of template DNA, 1 lM each primer (up A F9: aacaacgagcatggacgagac, up_A_R600: ctggatccgcatatcttttctc), 0.2 mM dNTPs, 2 lL of 10 9 Ex Taq Buffer (TaKaRa, Japan), 0.6 lL of DMSO, and 0.5 U of TaKaRa Ex Taq HS (TaKaRa, Japan) in a total volume of 20 lL. Amplification conditions were 30 cycles of 98°C for 10 s, 62°C for 15 s, and 72°C for 2 min. PCR products were cleaned using the AMPure Ò kit (Bio Medical Science, Tokyo, Japan). The BigDye Terminator v3.1 Cycle Sequencing Ò kit (Applied Biosystem, Tokyo, Japan) and a primer (up_A_R601: cgcatatcttttctcctctcc) were used for sequencing reactions. Sequencing reaction products were cleaned using CleanSEQ Ò (Applied Biosystem, Tokyo, Japan) and sequenced using an ABI PRISM Ò 3100 Genetic Analyzer. The primers used for PCR amplification and sequencing, designed for use with primer 3 (Rozen and Skaletsky 2000) , were based on sequence data from the DDBJ website (http://www. ddbj.nig.ac.jp/). The sequence data from Ppd-A1, Ppd-B1, and Ppd-G1 and their adjacent regions were obtained from a total of 77 accessions (5 wild emmer wheat, 9 hulled emmer wheat, 2 FT emmer wheat, 10 wild timopheevii wheat, 5 domesticated timopheevii wheat, 43 wild einkorn wheat, and 3 domesticated einkorn wheat, table S) according to a previous study (Takenaka and Kawahara 2012) .
Data analyses
Sequences were manually inspected with BioEdit ver. 7.0.9 (Hall 1999) and alignments were generated with MAFFT v6.846b (Katoh and Toh 2008) . The sequence data from 5' UTR, intronic, coding, and 3 0 UTR regions of Ppd-A1 and intronic and coding regions of Ppd-B1 and Ppd-G1 were analyzed for phylogenetic relationships by the neighbor-joining (NJ) method (Saitou and Nei 1987) using MEGA ver. 5.0 (Tamura et al. 2011) . Evolutionary distances were computed using the Kimura 2-parameter method (Kimura 1980) and all positions containing alignment gaps and missing data were eliminated only in pairwise sequence comparisons. The percentage of replicate trees in which associated haplotypes clustered together was calculated in the bootstrap test (1,000 replicates). Haplotypes based on sequencing data of Ppd-1 genes (cording and intronic regions) were scored with DnaSP ver. 5.1 (Librado and Rozas 2009 ) and Median-Joining (MJ) networks (Bandelt et al. 1999) were constructed with the Network 4.610 program (Fluxus Technology Ltd, Clare, Suffolk, UK). GenBank sequencing accessions analyzed in this study were AB691782-AB691938, AB693038, AB692786-AB692942, AB693039 (Takenaka and Kawahara 2012), and AB745510-AB745620 (sequenced in this study).
Results
PCR assay for Type AI/Type AII and their geographical distribution
All diploid species (T. boeoticum, T. monococcum, and T. urartu) and timopheevii wheat (T. araraticum and T. timopheevii) were Type AII. Type AI was found only in emmer wheat (Table 1 ). In wild emmer wheat, 82 accessions (44.3 %) were Type AI. Type AI wild emmer wheat was distributed across a wide range. In particular, central-eastern wild emmer accessions were all Type AI. On the other hand, Type AII wild emmer accessions were distributed centering on Israel (Fig. 2a) . In hulled emmer wheat, 67 accessions (62.6 %) were Type AII (Table 2 ). Both Type AI and Type AII were widely distributed in the collection area. However, many accessions of Type AI were spread on the western side centered on Europe, and many accessions of Type AII were spread on the eastern side centered on the Middle East (Fig. 2b) . In FT emmer wheat, 188 accessions (92.2 %) were Type AI and a few FT emmer accessions of Type AII were distributed centering on Former Yugoslavian countries (Table 2 ; Fig. 2c ). We could not identify two FT emmer accessions (PI244061 and KU-146) by the PCR assay for Type AI/Type AII because they had a GS-105-type deletion ( Fig. 1 ; Table 2 ) (Wilhelm et al. 2009 ).
The deletion patterns of MITE-like sequences found in Type AII accessions
In the PCR assay, a small band was produced from some accessions of Type AII. The small band was caused by a deletion (ca. 100 bp) of MITE-like sequences. This deletion was mentioned as Type AIIa in a previous study (Takenaka and Kawahara 2012) . In this study, we found that there were two deletion patterns based on sequencing data. Differences in deletion patterns were shown in Fig. 1 . One type of deletion was found in most timopheevii wheat, so we named it as araraticum-type-deletion (ara-del). The other type of deletion was found only in wild emmer wheat, so we named it as dicoccoides-type-deletion (dicdel). Dic-del was found in 32 wild emmer accessions in Israel (Fig. 2a, b ; Table 3 ). On the other hand, aradel was found from most wild timopheevii accessions (100 accessions, 97.1 %), all domesticated timopheevii accessions, one wild emmer accession (KU-14531), and ten hulled emmer accessions (T. dicoccon; PI94633, PI94663, PI254177, PI254189, PI 272533, KU-1533, KU-1538, and KU-3371, T. ispahanicum; KU-145 and KU-4580). Only three wild timopheevii accessions (KU-1943 , KU-1990 , and IG 116177) did not have aradel and were all found in Turkey.
Sequence diversity and phylogenetic analysis Genetic relationships among accessions are shown by an NJ tree based on all sequence data (5 0 UTR, intronic, cording, and 3 0 UTR regions of Ppd-A1, Fig. 3 ). Accessions were divided into three clades. The first clade was constituted by the A m genome diploid species (T. boeoticum and T. monococcum), the second one was constituted by the A u genome diploid species (T. urartu), and the third one was constituted by tetraploid wheat (BBAA and GGAA genome species).
The A m genome clade was divided into two groups. One group contained only T. boeoticum and another group included both T. boeoticum and T. monococcum (Fig. 3) . The two groups in the A m genome clade were divided based on some SNPs and three insertion/ deletion mutations (14 bp, 177 bp, and 23 bp), which were all found in the 5 0 UTR region of Ppd-A1 (23 bp insertion mutations are shown in Fig. 1 ). In Ppd-A1 cording and intronic regions, no mutation specific for each group was found.
The A u genome clade was also divided into two groups. The genetic distance between the two groups of the A u genome clade was smaller than the distance between the two groups of the A m genome clade (Fig. 3) . The two groups were divided based on some SNPs, which were all found in the 5 0 UTR region of Ppd-A1. One 9 bp deletion (CCA repeats), which was specific for one group, was found in the 1st exon.
The tetraploid wheat clade was divided into two sub-clades. The GGAA genome sub-clade included most GGAA genome accessions and all BBAA genome accessions with ara-del. The BBAA genome sub-clade consisted of most BBAA genome accessions and T. araraticum accessions (KU-1943 and IG 116177), which do not have ara-del. Wild emmer accessions with dic-del and Type AI emmer accessions formed distinct groups in the BBAA genome sub-clade (Fig. 3 ).
There were 65 SNPs and insertion/deletion variants in Ppd-A1 cording and intronic regions of tetraploid wheat. Ten polymorphic sites were specific each for timopheevii wheat (excluded accessions without aradel) or emmer wheat (excluded accessions with aradel). Emmer wheat that had ara-del was shared in seven polymorphic sites with timopheevii wheat, and timopheevii wheat without ara-del shared these with most emmer wheat (Table 4) .
Even when the haplotype network based on Ppd-A1 was constructed, three main clades of Ppd-A1 were also formed (Fig. 4a) . However, in the BBAA sub-clade, the distinction between Type AI and Type AII disappeared. As different from the Ppd-A1 haplotype network, there were many differences between Ppd-B1 of emmer wheat and Ppd-G1 of timopheevii wheat (Fig. 4b) . Unlike the phylogenetic tree based on Ppd-A1, all hulled emmer wheat with ara-del was included in the Ppd-B1 group. T. araraticum accessions without ara-del were also included in the Ppd-B1 group. On the other hand, one wild emmer accession with ara-del (KU-14531) was included in the Ppd-G1 group (Fig. 4b) .
Discussion
Evolution of emmer wheat based on Type AI and Type AII In wild emmer wheat, both Type AI and Type AII existed but all diploid species were Type AII (Table 1 ). The phylogenetic tree based on Ppd-A1 shows that all Type AI accessions are monophyletic (Fig. 3) . These results suggest that Type AII is an older type than Type AI and that the Type AI line was derived partially from Type AII lines. Most Type AI wild emmer wheat was found in central-eastern parts of distributions and Type AII wild emmer wheat was found in western parts of distributions centering on Israel (Fig. 2a) . This suggests that characteristic mutations of Type AI occurred in central-eastern wild 
emmer wheat. Luo et al. (2007 Luo et al. ( ) and Ö zkan et al. (2005 Luo et al. ( , 2011 showed that wild emmer is divided into centraleastern and western lines and that central-eastern one contributed to domestication. Sixty-seven wild emmer accessions used in this study were typed by Ö zkan et al. (2011) based on ALFP analysis (Table 5 and  Table S ). Accessions typed as Ib, Ic, and III by Ö zkan et al. (2011) were all Type AI and accessions typed as V were all Type AII with dic-del. Accessions typed as II and IV were both Type AI and Type AII (Table 5) . Ö zkan et al. (2011) defined groups I, II and III as central-eastern wild emmer lines and groups IV and V as western wild emmer lines. ALFP analysis detects variations in the whole genome but our study targeted variations that existed in very limited regions. Because of this difference, these results did not correspond completely. However, the differences between Type AI and Type AII may show the differences between central-eastern and western wild emmer. Therefore, we thought that Type AI domesticated hulled emmer was directly domesticated from Type AI wild emmer lines and that Type AII domesticated hulled emmer was not domesticated from Type AII wild emmer lines, but rather arouse by introgression between domesticated emmer and Type AII wild emmer around Israel. The introgression between hulled emmer and wild emmer in Israel has already reported (Luo et al. 2007 ). Our previous study dealing with this problem had used only 
Polymorphic site shared by accessions with ara-del 19 wild emmer accessions (Takenaka and Kawahara 2012) , but here we used 185 wild emmer accessions, which further supported the results. More than half of hulled emmer accessions (62.6 %) were Type AII (Table 2 ). This suggested that the introgression between domesticated emmer and Type AII wild emmer occurred at an early stage of evolution and diffusion of hulled emmer wheat.
Different from hulled emmer, most accessions of free-threshing (FT) emmer were Type AI (92.2 %, Table 2 ). Type AII FT emmer accessions were rare, but they were distributed in wide areas (Iran, Turkey, Bosnia and Herzegovina, Croatia, Macedonia, Montenegro, Spain, Portugal, and Algeria, Fig. 2c (Fig. 2b, c) . Therefore, Type AII FT emmer may be evolved from Type AII hulled emmer in these regions. On the other hand, we could not find Type AII hulled emmer accessions from other regions where Type AII FT emmer accessions grow. These Type AII FT emmer accessions may have arisen in each region independently or may have been derived from other regions (e.g. Turkey and Iran). More research on this unique type of emmer is needed. Whether Type AII FT emmer races were of single origin or multiple origins, the result that almost all FT emmer accessions were Type AI suggested a strong bottleneck effect for domesticated emmer. As the result of this strong bottleneck effect, we could not fully apply the genetic resources of Type AII emmer for wheat cultivated today.
Evolution of tetraploid wheat based on deletion patterns of MITE-like sequences Type AII accessions with dic-del were found only from wild emmer wheat in Israel (Fig. 2a) . This suggested that dic-del was a specific variation for wild emmer in Israel and that wild emmer with dic-del have not influenced domesticated emmer wheat. Therefore, wild emmer accessions with dic-del would contribute greatly as genetic resources of domesticated emmer wheat.
Almost all timopheevii wheat having ara-del (Table 3) suggested that this mutation occurred in timopheevii wheat soon after it arrived or in ancestral diploid species, which donated A genomes to timopheevii wheat, and that this mutation was specific for timopheevii wheat. In this study, we found ten hulled emmer accessions with ara-del. This indicated that ara-del, which was found in hulled emmer wheat, was derived from timopheevii wheat. Phylogenetic trees, MJ networks, and SNPs information based on Ppd-A1 gene regions also supported that the regions of ten hulled emmer wheat accessions originating from timopheevii wheat (Figs. 3, 4a ; Table 4 ). MJ networks based on Ppd-B1/Ppd-G1 showed that ten hulled emmer wheat accessions with ara-del had not Ppd-G1 but Ppd-B1 (Fig. 4b) . Their morphological appearances were also accorded with emmer wheat. Moreover, previous studies had treated some hulled emmer accessions with ara-del as emmer wheat and these studies did not report that these accessions had the characteristics of timopheevii wheat (Mori et al. 1997; Ishii et al. 2001; Asakura et al. 2001; Hirosawa et al. 2004 ). Thus, we thought that these ten hulled emmer accessions with ara-del originated from introgression from timopheevii wheat and that chromosome substitution occurred at regions including the Ppd-A1 gene. T. araraticum distributed from the east side of the Fertile Crescent to Transcaucasia, and most hulled emmer accessions with ara-del were found in this region (Iran and Georgia, Fig. 2b ). In these regions, populations of T. araraticum were colonized as a weed in fields of emmer wheat (Nesbitt and Samuel 1996) . Such a situation had chances of interspecific crossing between emmer wheat and weed timopheevii wheat. Because of hybrid sterility, their F 1 usually could not leave F 2 generations (Tanaka et al. 1978) . Hybrid sterility, however, recovered when F 1 hybrids were backcrossed (Maan 1973) . In fields of emmer wheat, successive backcrossing with emmer wheat could cause hulled emmer wheat that has part of the timopheevii wheat chromosome. Hulled emmer accessions with ara-del were also found in Europe and North Africa (Hungary, Germany, and Morocco) where timopheevii wheat did not distribute (Fig. 2b) . This suggested that hulled emmer wheat, which originated around Transcaucasia, was introduced into Europe and North Africa, via the northern shore of the Black Sea and through the Strait of Gibraltar.
One wild emmer accession in Israel (KU-14531) also had ara-del and MJ networks based on Ppd-B1/ Ppd-G1 showed that this accession did not have Ppd-B1 but Ppd-G1 (Fig. 4b) . This may indicate that the accession was not T. dicoccoides but T. araraticum. However, T. araraticum was not found in Israel where the accession came from, and morphological characteristics showed that the accession was T. dicoccoides. We need to perform more research on this accession.
Three T. araraticum accessions (KU-1943 , KU-1990 and IG116177) did not have ara-del and a phylogenetic tree based on Ppd-A1 regions showed that these accessions were included in the BBAA genome sub-clade (Fig. 3) . In addition, MJ networks based on Ppd-B1/Ppd-G1 showed that these accessions were included in the Ppd-B1 group (Fig. 4b) . These results may suggest that these T. araraticum accessions were not timopheevii wheat but emmer wheat. These accessions had been analyzed as wild timopheevii wheat for RFLP analyses by Mori et al. (1995) , SSLP by Ishii et al. (2001) , and chloroplast DNA fingerprinting by Mori et al. (2009) . These results and the morphological characteristics of these T. araraticum accessions showed that the accessions were timopheevii wheat. All T. araraticum accessions without MITE-like sequence deletions were found from Southeast Turkey where there were mixed populations of T. dicoccoides and T. araraticum (Nesbitt and Samuel 1996) . In addition, some T. dicoccoides lines in Turkey produced hybrids with fertility when crossed with T. araraticum (Rawal and Harlan 1975) . Thus, we thought that these T. araraticum accessions without MITE-like sequence deletions had originated from interspecific crossing with T. dicoccoides and that chromosome substitutions occurred at regions including both Ppd-A1 and Ppd-G1 genes. Hulled emmer wheat with ara-del and wild timopheevii wheat without MITE-like sequence deletions particularly showed that the gene flow between emmer wheat and timopheevii wheat occurred and that timopheevii wheat, which was of a different linage to emmer and common wheat, also had important genetic resources for wheat breeding.
